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Four recycling scenarios involving pyroprocessing of spent fuel (SF) have been investigated
for a 600-MWe transmutation sodium-cooled fast reactor (SFR), KALIMER. Performance
evaluation was done with code system REBUS connected with TRANSX and TWODANT.
Scenario Number 1 is the pyroprocessing of Canada deuterium uranium (CANDU) SF.
Because the recycling of CANDU SF does not have any safety problems, the CANDU-Pyro-
SFR system will be possible if the pyroprocessing capacity is large enough. Scenario
Number 2 is a feasibility test of feed SF from a pressurized water reactor PWR. The
sensitivity of cooling time before prior to pyro-processing was studied. As the cooling time
increases, excess reactivity at the beginning of the equilibrium cycle (BOEC) decreases,
thereby creating advantageous reactivity control and improving the transmutation per-
formance of minor actinides. Scenario Number 3 is a case study for various levels of re-
covery factors of transuranic isotopes (TRUs). If long-lived fission products can be
separated during pyroprocessing, the waste that is not recovered is classified as low- and
intermediate-level waste, and it is sufficient to be disposed of in an underground site due to
very low-heat-generation rate when the waste cooling time becomes >300 years at a TRU
recovery factor of 99.9%. Scenario Number 4 is a case study for the recovery factor of rare
earth (RE) isotopes. The RE isotope recovery factor should be lowered to 20% in order to
make sodium void reactivity less than <7$, which is the design limit of a metal fuel.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Currently, one of the most important issues in the nuclear
industry is the safe and reliable management of high-level
radioactive wastes (HLWs), such as spent fuel (SF). In Korea, SF
is stored at the power plants temporarily, but the storage ca-
pacity will be full in about 10 years' time. Under the sameKim).
d under the terms of the
hich permits unrestricte
erly cited.
sevier Korea LLC on behaconditions of the world, research into identifying methods for
SF incineration has been actively pursued in the past number
of decades. As one of the methods, SF should be recycled for
reuse as a fuel for the sodium-cooled fast reactor (SFR) [5].
The Korea Atomic Energy Research Institute (KAERI) has
redesigned aGen-IV SFR, theKALIMER (KoreaAdvanced LIquid
MEtal Reactor) reactor, as a dedicated transmutation reactorCreative Commons Attribution Non-Commercial License (http://
d non-commercial use, distribution, and reproduction in any
lf of Korean Nuclear Society.
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the recycling process called “pyroprocessing”, as much of the
impurities as possible should be first removed from the SF,
thereby recovering materials that can be used for fuel and
reusing the recovered materials for recycling. Pyroprocessing
is a technology involving electrochemical treatment on SFs
>500C using a molten salt medium and electricity. Because
of its processing characteristics, plutonium cannot be
separated individually, and thus the proliferation resistance
is high. This is why the pyroprocessing can be being
developed in Korea. Although pyroprocessing technology is
an advanced method and SFR has been actively studied,
unexpected results still occur if a back-end fuel cycle is made
by combining SFR with pyroprocessing. This is because
pyroprocessing research aims to increase the recovery factor
of transuranics and uranium while removing as many
impurities as possible, whereas the direction of SFR research
is focused on increasing safety and operation performance.
As such, these two technologies have been developed
separately with different directions. Furthermore, various
variables, including the recovery factor of nuclides, are not
yet finalized in pyroprocessing and no studies have been
performed on the influence of options that can be changed
during the recycling system process using a KALIMER reactor
core for transuranic isotope (TRU) transmutation. Thus, SFR
performance needs to be evaluated according to options that
can be changed during pyroprocessing.
In this study, we aimed to design an SFR for TRU trans-
mutation using the design parameters of KALIMER developed
by the KAERI, and examine the design feasibility in advance by
identifying the nuclear characteristics of reactor cores caused
by various parameters in the material flow scheme of SF
recycling. To achieve this goal, various achievable scenariosFig. 1 e Radial and axial configufeasible in Korea have been tested to compare and evaluate
the impact on nuclear safety of SFR core and TRU trans-
mutation efficiency.2. Concept of the reference core design
The reactor core to be evaluated in this study was designed
with reference to the design parameters of the KALIMER-600
[1,3] TRU Burner Report, which was an SFR for transmutation
developed by the KAERI. The code used for the design and
evaluation was the TRANSX [6]/TWODANT [7]/REBUS-3 [8]
code system, which is used for nuclear design in the KAERI;
the nuclear data were obtained from the ENDF/B-VII-based
KAFAX library, which was recently modified by the KAERI. In
addition, the ORIGEN2 code was used to compute the heat-
generation rate and specific activity.
Fig. 1 shows (A) a cross-sectional diagramofKALIMER-KHU,
which is a newly designed SFR for transmutation in KyungHee
University, Gyeonggi-do, Korea and (B) an R-Z cross-sectional
diagram for the computation of TWODANT. Table 1 shows
the design variables of the KALIMER-600 TRU Burner that
were referred to for designing the KALIMER-KHU. The
assumptions applied when designing the reactor core are as
follows: (1) the coolant/structure volume ratios of the
handling socket and the nosepiece are 0.6/0.4 and 0.7/0.3,
respectively; (2) a wire wrap is assumed to be wound three
and half times around the wheel at the active core height; (3)
Mod.HT-9 was used as the material for all structures such as
cladding and ducts; (4) the in-vessel storage (IVS), which is a
part of KALIMER-600, was removed because it was
considered to have an insignificant influence on reactor core
computation; and (5) the control rod follower was ignored.ration of the KALIMER-KHU.
Table 1 e Core design parameter (KALIMER-600 TRU
burner) [1].
Core
Core electric power (MWe) 600
Core thermal power (MWt) 1,500
Active core height (cm) 89.07
Number of rods per fuel assembly 271
Number of fuel assemblies (inner/outer) 126/198
Reactor core I/O temp. (C) 390/545
Number of batches I/O cores 5/5
Cycle length (EFPD, d) 332
Fuel
Fuel type U-TRU-15%Zr
Smeared density (inner/outer, %) 60/69.5
Assembly pitch (mm) 153.87
P/D ratio 1.214
Duct thickness (mm) 3.7
Fuel element length (cm) 358.28
Upper fission gas plenum length (/Na filled) (cm) 153.71 (/18.75)
Gap distance between ducts (mm) 4.0
Lower-end plug and shielding (cm) 96.75
Wire wrap diameter (mm) 1.5
Fuel rod outer diameter (mm) 7.0
Fuel cladding thickness (mm) 0.56
Cladding material Mod. HT-9
EFPD, effective full power days; TRU, transuranic isotope.
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average temperature of the active core and plenum was
assumed to be 545C, which is the same as the outlet tem-
perature in the core, while the average temperature for otherFig. 2 e REBUS-3 depstructures was assumed to be 390C, which is the same as the
inlet temperature of the core. The flux distributions of each
zone and material temperatures were applied using TRANSX
and TWODANT, and the REBUS-3 equilibrium cycle was
computed using the ISOTXS file generated by collapsing the
150 groups of the KAFAX library into 24 groups. In addition, a
depletion chain was applied to REBUS-3 in order to increase
the accuracy of the equilibrium cycle computation, as shown
in Fig. 2.3. Recycling scenarios
Fig. 3 shows the current recycling system that is applied for
research and development of the KALIMER reactor core in
the KAERI. The SF composition of the initial core of the SFR,
which is supplied as external raw material in every cycle, is
a pressurized water reactor (PWR) SF composition, which is
expected to be the largest at the time of commercialization
of the back-end fuel cycle using the SFR and pyroprocessing
[9]. The PWR SF uses 4.5 wt.% UO2 fuel with 55,000 MWD/tU,
and 10 years' cooling time. Because the current technology
level was applied to the recovery factor in pyroprocessing in
this study, uranium, TRU, and rare earth (RE) elements were
assumed to be 100%, 99.9%, and 5%, respectively, while
unrecovered nuclides were assumed to be processed as
waste. The materials to be used for SFR fuel production
include material that is collected from the SFR SF in advance
and if this is not enough, the remaining amount is filled byletion chain [4].
Fig. 3 e Reference recycling scenario diagram. EF, external feed; PWR, pressurized water reactor; RE, rare earth isotopes;
SF, spent fuel; SFR, sodium-cooled fast reactor; TRU, transuranic isotope.
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(approximately 65 bundles) of the total fuel assembly is
replaced during each loading, while the time and
assumptions required for each process, such as
pyroprocessing for 8 months, fuel fabrication for 8 months,
and preloading for 2 months, are set according to the
KALIMER-600 TRU Burner Report [1]. Finally, the KALIMER-
KHU core structure has no IVS zone; thus, 1 additional year
of cooling time for discharged fuel was provided (Table 2).
3.1. Change in external feed composition
Korea has two types of reactors, namely, PWR and Canada
deuterium uranium (CANDU). The nuclear power plants in
Korea temporarily store discharged SF for periods ranging
from <1 year to >30 years. Researchers need to determine
which characteristics can be obtained if SF is processed in
pyroprocessing and used in the SFR. There is <0.4% of TRU
contained in CANDU SF; therefore, the efficiency andTable 2 e Purpose of each recycling scenario.
Recycling options
Scenario Number 1
Pyroprocessing of
CANDU SF
 To reduce the volume of a radioactive was
 To evaluate the SFR performance using CA
Scenario Number 2
Change in cooling
time of PWR SF
 SFR design is easier and more safe when t
 To check the transmutation efficiency or e
times, and to choose the time that provide
Scenario Number 3
TRU recovery factor
in pyroprocessing
 Radioactivity and heat-generation rate of
Actually, the effects of FP are dominant in
when the waste storage time is longer.
Scenario Number 4
RE recovery factor
in pyroprocessing
 The target value of RE recovery factor is 5%
Therefore, this is not economical and not
 It does not need to reduce RE recovery faceconomic feasibility are too low in pyroprocessing to collect
TRU. However, pyroprocessing of CANDU SF may still be
meaningful to the volume reduction of HLW.
Thus, the aim of Scenario Number 1 is to compare the
performance of an SFR core consisting of fuel made from
CANDU SF with the reference scenario. The capacity of a
pyroprocessing facility to be commercialized needs to be
determined to introduce a CANDU-Pyro-SFR connection
system.
The aim of Scenario Number 2 is to evaluate the SFR per-
formance while changing nuclide composition ratios by
differentiating the cooling time of PWR SF, which is consid-
ered in the reference recycling scenario.
3.2. TRU recovery factor in pyroprocessing
Although pyroprocessing has been advanced considerably,
the recovery factor has not yet been finalized, and no recycling
system has been actually implemented. As such, the recoveryReason and purpose
te.
NDU SF and to check the capacity of pyroprocess facility.
he SFR fuels are of same composition; same cooling time of PWR SF.
xcess reactivity of SFR using PWR SF having different cooling
s good results.
the waste from pyroprocessing depend on TRU recovery factor.
the initial period. However, TRU is more effective than FP
but this value needs many number of electrowinnings.
efficient.
tor to 5% if it there are no safety issues.
Table 3 e Shutdownmargin in the reference scenario and
maximum excess reactivity.
Items Reference Case of
maximum
excess
reactivity
Temperature defect (pcm) 361 361
Full power to hot standby (pcm) 140 140
Hot standby to refueling (pcm) 221 221
Overpower (15%; pcm) 23 23
Fuel cycle excess reactivity (pcm) 3,891 4,900
Uncertainty (RMS) (pcm) 2,017 1,072
Temperature defect (20%; pcm) 72 72
Burnup reactivity (pcm) 1,000 1,000
Reactivity fault (pcm) 276 276
Total reactivity worth (pcm) 8,944 8,944
One stuck assembly worth (pcm) 312 312
Reactivity worth available (pcm) 8,632 8,632
Maximum reactivity requirement
(pcm)
5,623 6,632
Shutdown margin (pcm) 3,009 2,000
CANDU, Canada deuterium uranium; FP, fission product; PWR,
pressurized water reactor; RE, rare earth isotope; SF, spent fuel;
SFR, sodium-cooled fast reactor; TRU, transuranic isotope.
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estimation. Studies evaluating the effects of increases in the
TRU recovery factor in pyroprocessing are still carried out. As
the TRU recovery factor increases, transmutation and incin-
eration of higher amounts of TRU can be achieved, and the
TRU content within the remaining uncollected waste is
reduced, thereby making it easier to process waste due to the
reduced radioactivity level. Thus, the goal of Scenario Number
3 is to determine the radioactivity and decay heat generation
of waste and SFR performance according to changes in the
TRU recovery factor.
3.3. RE recovery factor in pyroprocessing
Pyroprocessing is an electrochemical treatment technology
using a molten salt medium and electricity. RE is thus
collected when TRU is collected because they both have
similar electrochemical properties. The RE recovery factor of
5% in the existing recycling scenario is difficult to achievewith
the current technology level and requires a number of pyro-
processing methods to reduce the collection of RE as much as
possible. The recovery factor of RE can differ greatly according
to the number of pyroprocessing methods carried out. If the
RE recovery factor decreases, the RE content in the fuel loaded
in the SFR also decreases, which makes the SFR performance
significantly different while also enhancing safety. Thus,
Scenario Number 4 evaluates the SFR performance and safety
according to increases in the RE recovery factor.Table 4 e Compositions of heavy-metal nuclides in spent
fuels.
Isotopes PWRa CANDUb
U-234 0.0002 0.0000
U-235 0.0077 0.0022
U-236 0.0069 0.0008
U-238 0.9853 0.9970
Total U 1.0000 1.0000
Pu-238 0.0278 0.0010
Pu-239 0.4264 0.6545
Pu-240 0.2019 0.2483
Pu-241 0.0790 0.0305
Pu-242 0.0685 0.0117
Total Pu 0.8036 0.9460
Np-237 0.0583 0.0067
Am-241 0.0532 0.0191
Am-242m 0.0001
Am-243 0.0204 0.0004
Cm-243 0.0001
Cm-244 0.0063
Cm-245 0.0004
Cm-246 0.0001
RE-235 0.0575 0.0278
Total TRU, RE 1.0000 1.0000
CANDU, Canada deuterium uranium; PWR, pressurized water
reactor; RE, rare earth isotope; TRU, transuranic isotope.
a PWR discharged burnup, 4.5 wt.%, 55,000 MWD/tU, cooling time
10 years.
b CANDU discharged burnup, 0.71 wt.%7500 MWD/tU, cooling time
10 years.4. Sensitivity test results
The criteria of several performance parameters were set to
identify the validity and safety limits in each scenario, and
each scenario was evaluated based on the criteria [2]. (1) To
control sufficient reactivity changes only with the primary
control system, the shutdown margin of the primary control
system shall be above >2,000 pcm. (2) The purpose of the
limit value of sodium void reactivity is to make the total
reactivity that is inserted into the core under 1$ when an
emergency accident occurs. For metal fuels, it should be 7$ to
e8$ at a maximum. (3) The TRU support ratio should be
>above 1.2 and as large as possible in order to to consume the
TRU in a PWR effectively. (4) The TRU transmutation ratio
should be above >20% and as large as possible to increase
efficiency of the TRU transmutation. (5) The TRU content
ratio of the ternary alloy fuel of UeTRUeZr should not exceed
30 wt.%, as recommended by the currently usable metal fuel
database. (6) The TRU content ratio in waste should be
reduced as much as possible to decrease radiotoxicity.
To satisfy Criterion 1, the maximum level of possible
beginning of equilibrium cycle (BOEC) excess reactivity was
approximated. Table 3 shows the BOEC excess reactivity that
makes the shutdown margin 2,000 pcm based on the
shutdown margin of the reference recycling scenario. The
computation was done with the assumption that all values
except for those that are directly related to excess reactivity
are consistent without significant differences. As excess
reactivity increases, the maximum reactivity requirement
value increases and the shutdown margin decreases. Ifexcess reactivity becomes >4,900 pcm, the shutdown margin
falls to <2,000 pcm.
The sodium void reactivity in Criterion 2 was evaluated
with respect to Scenario Number 4, whose core performance
has changed greatly. The ISOTXS library was reproduced
using TRANSX/TWODANT to apply a weighted neutron flux
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sodium is vaporized are assumed to be the active core,
plenum, and upper structure (handling socket).
To evaluate Criterion 3, the amount of TRU generated in
the PWR and the amount of TRU consumed in every cycle in
the SFR equilibrium cycle should be known. Assuming thatTRU transmutation ratio ¼ Amount of TRU loadedAmount of TRU discharged
Amount of TRU loadedthe utilization rate of KALIMER-KHU is 85%, the fuel reload
cycle shall be 332/0.85 ¼ 391 days. A single 1,000-MWe light-
water reactor in Korea produces approximately 19 t of SF per
year, of which the TRU content accounts for 1.4%, or
approximately 266 kg. Based on this fact, a single 600-MWe
light-water reactor could produce approximately 171 kg TRUTable 5 e Performance parameters using CANDU SF and
PWR SF.
PWR SF(Ref.) CANDU SF
Excess reactivity at BOEC (pcm) 3,892 4,312
Total fissile/total HM charged
in SFR in each cycle (kg)
495.89/3,486.09 538.18/3,494.15
TRU transmutation ratio (%) 20.32 20.43
Amount of TRU EF for SFR
equilibrium cycle (kg/391 d)
218.24 199.91
TRU composition ratio
in the SF (%)
1.4 0.41
Amount of SF needed to
pyroprocess for TRU EF
supplying (t/391 d)
15.59 48.76
BOEC, beginning of equilibrium cycle; CANDU, Canada deuterium
uranium; EF, external feed; PWR, pressurized water reactor; SF,
spent fuel; SFR, sodium-cooled fast reactor; TRU, transuranic
isotope.
Table 6 e Amounts of nuclides included in 1 metric ton accord
Cooling Time 1.0 y 3.0 y 5.0 y 7.0 y 10.0 y Re
U-234 183.4 190.3 197 203.6 213.4
U-235 7,117.9 7,118.3 7,118.6 7,119 7,119.5
U-236 6,365.9 6,366.5 6,367.1 6,367.8 6,368.7
U-238 915,405 915,405 915,405 915,405 915,405
Np-237 859.8 860.6 861.9 863.6 866.9
Pu-238 438.4 437.1 430.5 423.8 413.8
Pu-239 6,346.2 6,346 6,345.7 6,345.5 6,345.1
Pu-240 2,969.6 2,978.6 2,986.9 2,994.5 3,004.8
Pu-241 1,815.1 1,647.9 1,496.1 1,358.3 1,175.1
Pu-242 1,020 1,020 1,020 1,020 1,020
Am-241 159.1 325.5 476 612 791.9
Am-242m 1.6 1.5 1.5 1.5 1.5
Am-243 303.4 303.3 303.3 303.2 303.1
Cm-242 6 0.3 0 0 0
Cm-243 1 1 0.9 0.9 0.8
Cm-244 132.4 122.6 113.6 105.2 93.8
Cm-245 6.3 6.3 6.3 6.3 6.3
Cm-246 1.3 1.3 1.3 1.3 1.3in 391 days. In order for the TRU support ratio to be >1.2,
every cycle in the SFR equilibrium cycle should consume
205 kg of TRU.
The definition of the TRU transmutation ratio in Criterion 4
is the ratio of TRU transmutation to the loaded TRU amount.
This definition can be expressed as follows:4.1. Scenario Number 1 (pyroprocessing of CANDU SF)
In Korea, the amount of SF generated in four CANDU units is
almost the same as in 20 PWRunits; approximately 97 t of SF is
generated by one CANDU unit in 1 year. If pyroprocessing of
CANDU SF is realized, the volume of HLW can be reduced
considerably and there is no need to import natural uranium.
Therefore, this scenario, that is pyroprocessing of CANDU SF,
is reasonable unless SFR has bad performance or safety
problems.
The composition of heavy-metal nuclides is presented in
Table 4. CANDU SF has a small amount of TRU because of low
discharge burnup, but the fissile Pu composition ratio is high.
If the fissile material is denser or the amount is larger, more
fission reactions will occur, and therefore, reactivity is
increased. Thus, using CANDU SF results in higher excess
reactivity at BOEC than using PWR SF, but it does not have
safety problems regarding reactivity control or shutdown
margin (Table 5).
For the equilibrium cycle of SFR using CANDU SF, approx-
imately 200 kg of TRU external feed (EF) is supplied. Therefore,
approximately 49 t of CANDU SF is needed to make TRU EF for
an SFR equilibrium cycle because the TRU composition ratio is
only 0.41% in CANDU SF. Thus, the recycling facility to be
commercialized must have a pyroprocessing capacity of 49
tHM/cycle.ing to the cooling time.
f. 20.0 y 30.0 y 40.0 y 50.0 y Difference (50-1)
244.3 272.9 299.3 323.7 140.3
7,121.3 7,123.1 7,124.9 7,126.7 8.8
6,371.8 6,375 6,378.1 6,381.3 15.4
915,405 915,405 915,405 915,405 0.0
883.1 904.6 929.2 955.6 95.8
382.5 353.4 326.6 301.9 136.5
6,343.7 6,342.3 6,340.8 6,339.4 6.8
3,030.9 3,047.7 3,058.1 3,064.2 94.6
724.8 447.1 275.8 170.1 1,645.0
1,020 1,020 1,020 1,020 0.0
1,225.7 1,481.5 1,627.8 1,706.7 1,547.6
1.4 1.4 1.3 1.2 0.4
302.8 302.6 302.3 302 1.4
0 0 0 0 6.0
0.6 0.5 0.4 0.3 0.7
63.9 43.6 29.7 20.3 112.1
6.3 6.3 6.3 6.3 0.0
1.3 1.3 1.3 1.3 0.0
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As the cooling time of PWR SF changes, heavy-metal nuclides
start to decay with different half-lives from each other,
resulting in a change in composition ratio. This scenario de-
termines the SFR performance when PWR SFs cooled from a
minimum of 1 year to a maximum of 50 years are supplied to
SFR using pyroprocessing. As shown in Table 6, the amount of
Pu-241, which has a large composition and a shorter half-life
among TRUs, decreased greatly so that the amount of Am-
241, its daughter nuclide, increased greatly. The
characteristics of Pu-241 show that its fission XS is 500 times
larger in the 100-keV neutron energy range but has no
significant difference in Capture XS compared with Am-241
(Fig. 4).
Table 7 presents the performance parameters according to
the cooling time. As the cooling time becomes longer, the
composition ratio of Pu-241 within TRU coming from PWR
SF is reduced. Because the composition ratio of Pu-241,
whose fission XS is large, is reduced, the burnup reactivity
swing will be reduced as well, which causes the shutdown
margin to increase, thereby enhancing safety. Then, to
achieve a threshold at the ending of the equilibrium cycle
(EOEC), the amount of TRU supplied is increased by an
amount that corresponds to the reduced amount of Pu-241.
The increased amount of TRU supplied externally in every
cycle means that TRU transmutation increases in every
cycle. Although the transmutation ratio of Pu is reduced due
to the reduced composition ratio, the transmutation
efficiency of minor actinide (MA) greatly increases so that
the total TRU transmutation ratio shows a minimal
difference of around 0.03% between the reference and 50
years of cooling. The TRU supply amount increases, but the
TRU transmutation ratio is slightly reduced so that the
amount of TRU left in the waste increases, but only
minimally (Fig. 5). The TRU content ratio loaded in the fuel
also increases, but within the range of design standard (30
wt.%). Thus, in the scenario that changes the cooling time of
PWR SF, reactivity control becomes easier as the cooling
time becomes longer, resulting in better safety and MA
transmutation performance.
4.3. Scenario Number 3 (TRU recovery factor in
pyroprocessing)
In pyroprocessing, 99.9% of the TRU recovery factor is possible
at the current technology level, while a number of studies are
underway to increase the recovery factor. However, this
experimental value was obtained from simulated SF. In
practice, PWR and SFR SF are processed, and the recovery
factor can be different. Thus, in this scenario, performance
changes when the TRU recovery factor is reduced to 99% or
increased to 99.9999%. The specific activity and heat-genera-
tion rate of waste that is not recovered in pyroprocessing are
determined because these two qualities are the reference to
distinguish between HLW and low- and intermediate-level
waste (LILW). If the specific activity of alpha particles is
<4,000 Bq/g or the heat-generation rate is <2 kW/m3, thewaste
is LILW according to Korean nuclear laws and it is easy to
deposit the waste.
Table 7 e Performance parameters according to the cooling time.
Parameter Cooling Time (y)
1 5 10 20 30 40 50
Excess reactivity (pcm) 4,174 4,031 3,891 3,688 3,557 3,485 3,438
Amount of TRU transmutation (kg) 216.16 216.45 216.80 217.30 217.64 218.01 218.28
TRU support ratio 1.264 1.266 1.268 1.271 1.273 1.275 1.276
TRU transmutation ratio (%) 20.34 20.33 20.32 20.31 20.30 20.30 20.29
Pu transmutation ratio (%) 20.48 20.19 19.90 19.46 19.18 19.01 18.90
MA transmutation ratio (%) 19.37 21.21 22.88 24.94 26.09 26.77 27.18
TRU conversion ratio 0.7006 0.7011 0.7015 0.7020 0.7023 0.7024 0.7023
Amount of U external feed (kg) 312.74 312.45 312.08 311.56 311.21 310.83 310.55
Amount of TRU external feed (kg) 217.59 217.88 218.24 218.73 219.08 219.45 219.72
TRU/waste (%) 0.1553 0.1556 0.1559 0.1564 0.1567 0.1570 0.1572
TRU content in charged fuel (%) 25.78 25.82 25.87 25.95 26.00 26.05 26.09
MA, minor actinide; TRU, transuranic isotope.
Fig. 5 e TRU transmutation ratio for different cooling times
of PWR SF. MA, minor actinide; PWR, pressurized water
reactor; SF, spent fuel; TRU, transuranic isotope.
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mance is not greatly affected. However, the TRU concentra-
tion in the waste is reduced exponentially, thereby greatly
decreasing the specific activity and heat-generation rate.
Table 8 shows the performance parameters according to
changes in the TRU recovery factor. The TRU content ratioTable 8 e Performance parameters according to the transuran
Parameters
99 99.9
Excess reactivity (pcm) 3,902 3,891
Amount of TRU transmutation (kg) 216.72 216.8
TRU support ratio 1.267 1.2
TRU transmutation ratio (%) 20.35 20.3
Pu transmutation ratio (%) 19.91 19.9
MA transmutation ratio (%) 22.96 22.8
Amount of U external feed (kg) 312.11 312.0
Amount of TRU external feed (kg) 225.79 218.2
TRU/waste (%) 1.5326 0.1
TRU content in charged fuel (%) 25.83 25.8
MA, minor actinide; TRU, transuranic isotope.included in the waste decreases 10 times whenever the
recovery factor increases, whereas the other performances
show similar results. In particular, for >99.99%, no
significant difference was shown.
As the TRU recovery factor increases, the waste radioac-
tivity and heat-generation rate are reduced so that disposal is
convenient and the management period is shortened. To
evaluate these factors of wastes according to the TRU recovery
factor, the nuclide amounts included in the wastes are iden-
tified, as shown in Table 9. For fission products (FPs), the
amounts of 172 types of nuclides were computed by
applying the fission yield of nuclear fissionable nuclides.
The following equations describe how to compute the
nuclide amount in FPs.
Mj  Yji ¼ Mji
P172
i¼1
Yji ¼ 1
P21
j¼1
Mji ¼ Mi
where i is the ith FP; j is the fissionable nuclide (Th-232, Pa-233,
…, Cm-246, 21#);Mj is themassof FPgenerated fromthenuclide
j; Yji is the fraction rate of the generation of nuclide i from
nuclide j;Mji is themassofnuclide ioutof FPgenerated fromthe
nuclide j; andMi is the mass of nuclide i i out of the total FP.ic isotope recovery factor.
TRU recovery factor (%)
99.99 99.999 99.9999
3,891 3,891 3,891
0 216.81 216.81 216.81
68 1.268 1.268 1.268
2 20.32 20.32 20.32
0 19.89 19.89 19.89
8 22.88 22.87 22.87
8 312.08 312.08 312.08
4 217.48 217.40 217.39
559 0.01561 0.00156 0.00016
7 25.88 25.88 25.88
Table 9 e Nuclide amount included in waste (unit: g/cycle).
Nuclides 99% 99.9% 99.99% 99.999% 99.9999% 100%
Pu-238 203.135 20.022 1.999 0.200 0.020 0.000
Pu-239 3,160.619 315.492 31.544 3.154 0.315 0.000
Pu-240 2,790.443 280.811 28.098 2.810 0.281 0.000
Pu-241 400.943 40.263 4.028 0.403 0.040 0.000
Pu-242 728.178 73.148 7.318 0.732 0.073 0.000
Total Pu 7,283.318 729.736 72.988 7.299 0.730 0.000
Np-237 167.159 16.446 1.642 0.164 0.016 0.000
Am-241 284.198 28.332 2.832 0.283 0.028 0.000
Am-242m 134.862 13.453 1.345 0.134 0.013 0.000
Am-243 279.973 28.168 2.819 0.282 0.028 0.000
Cm-242 0.352 0.035 0.004 0.000 0.000 0.000
Cm-243 0.072 0.007 0.001 0.000 0.000 0.000
Cm-244 242.628 24.570 2.460 0.246 0.025 0.000
Cm-245 52.574 5.348 0.536 0.054 0.005 0.000
Cm-246 33.105 3.447 0.346 0.035 0.003 0.000
Total MA 1,194.923 119.807 11.984 1.198 0.120 0.000
Total TRU 8,478.242 849.543 84.971 8.497 0.850 0.000
Total FP 544,012.00 543,443.32 543,386.42 543,380.64 543,380.27 543,380.27
DUMP 699.66 731.37 734.68 735.01 735.05 735.05
Total 553,189.90 545,024.24 544,206.07 544,124.15 544,116.17 544,115.32
TRU/total 1.5326 0.1559 0.0156 0.0016 0.0002 0.0000
FP, fission product; MA, minor actinide; TRU, transuranic isotope.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 7e5 8 55The amounts of TRU and 172 FPs shown in Table 9 were
entered into the ORIGEN2 code to compute the heat-
generation rate and specific activity. In pyroprocessing,
gaseous FP is processed differently; thus, the nuclide
amounts of gaseous FP were ignored during the calculation.
The nuclides that were assumed to be gaseous FP were Br,
Kr, I, Xe, and Cs.
The results were compared with the specific activity and
heat-generation rate of 1-t natural uranium ore (density,
19.05 g/cm3). Although the radiotoxicity of natural uranium is
extremely low, the radiotoxicity of uranium ore includes Rn
and Po generated by uranium decay, and thus it is four to five
times larger than that of natural uranium (Figs. 6 and 7).
Table 10 shows the computed values of the waste's specific
activity. The specific activity was computed using the
radioactivity of actinides that undergo alpha decay. When
the TRU recovery factor is 99.9999%, the waste's specificFig. 6 e Activity and heat generation of uranium ore.activity was lower than that of the uranium ore level,
regardless of the waste's cooling period. By contrast, when
the recovery factor is 99.999%, the waste’s specific activity is
reduced to the uranium ore level if cooled for about 1,500
years (Fig. 7).
Fig. 8 illustrates the heat-generation rate of the original
waste. In the figure, even when the TRU recovery factor is
increased to 99.9999%, the heat-generation rate is not
reduced to the same level as that of the uranium ore. The
reason for this is that long-lived FPs (LLFPs) exist in the
waste. Sr-90 and Sn-126 are among the LLFPs accounting for
the large content ratios in the waste, and their daughter
nuclides decay with the discharge of energy as large as
2e4 MeV. In addition, nuclides that decay to LLFP with a
large energy discharge of more than 1.3 MeV and largeFig. 7 e Specific activity of different TRU recovery factors.
TRU, transuranic isotope.
Table 10 e Specific waste activity (unit: £104 Bq/g).
Cooling Time (y) 99% 99.9% 99.99% 99.999% 99.9999% Natural uranium
1 233,302.77 23,968.38 2,408.37 238.08 24.06 10.47
300 32,043.43 3,269.91 327.67 32.75 3.24 10.47
500 22,453.10 2,295.99 230.07 23.00 2.28 10.47
700 17,426.88 1,783.78 178.84 17.88 1.77 10.47
1,000 13,427.94 1,375.59 137.84 13.79 1.37 10.47
1,300 11,263.07 1,153.73 115.70 11.57 1.15 10.47
1,500 10,313.42 1,057.76 105.99 10.60 1.06 10.47
1,700 9,615.64 985.63 98.76 9.89 0.98 10.47
2,000 8,847.57 907.17 90.95 9.10 0.91 10.47
2,500 8,023.96 822.87 82.50 8.25 0.82 10.47
3,000 7,489.34 768.04 77.00 7.70 0.77 10.47
Fig. 8 e Heat-generation rate of different TRU recovery
factors. LLFPs, long-lived fission products; TRU,
transuranic isotope.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 7e5 856content ratios are Mo-99(/Tc-99) and Te-129m(/I-129).
Other than these, LLFPs with large content ratio are Se-79,
Zr-93, Pd-107, Tc-99, and Sm-151.
Assuming that the aforementioned LLFPs are separable in
pyroprocessing, the heat-generation rates were computed. As
shown in Table 11, under the cooling time of 500 years at a
TRU recovery factor of 99.999%, the heat-generation rate is
reduced to uranium ore's level.
It is not only important to increase the TRU recovery factor
in pyroprocessing, but also highly critical to separate LLFPs to
improve the safe disposal of radioactive waste and the man-
agement period. Tominimize the volume of HLWdisposal and
to make management more convenient, LLFPs have to beTable 11 e Heat-generation rate of the waste separating long-
Cooling Time (y) 99% 99.9% 99.99%
1 6,545.0 6,466.1 6,470.8
300 2.6412 0.2670 0.02
500 1.8175 0.1841 0.01
700 1.3889 0.1408 0.01
1,000 1.0507 0.1066 0.01
1,300 0.8697 0.0883 0.00
1,500 0.7914 0.0804 0.00separable in pyroprocessing. In this state, if the TRU recovery
factor is 99% and thewaste cooling time is 500 years, thewaste
will be LILW. In the reference case, 300 years of waste cooling
time is sufficient to reach the LILW.4.4. Scenario Number 4 (RE recovery factor in
pyroprocessing)
The RE recovery factor of 5% in the reference scenario is an
achievable value after a number of electrowinnings in pyro-
processing are done. As the number of electrowinnings in-
creases, the RE recovery factor decreases greatly from a
maximum of 55% to the reference of 5%. As the RE recovery
factor is reduced, the TRU content ratio of UeTRUeZr fuel
needed to make a critical state at EOEC becomes smaller so
that excess reactivity at BOEC decreases. Then, sodium void
reactivity is affected directly by the TRU amount and FPs
(impurities). Because the amounts of RE and TRU decrease, it
is important to check whether the sodium void reactivity has
valid values (Fig. 9).
Table 12 shows the performance parameters according to
the RE recovery factor. If the amount of TRU decreases, the
excess reactivity at BOEC becomes smaller. If the recovery
factor of RE becomes <45%, the excess reactivity becomes
<4,900 pcm, permitting sufficient reactivity control. Because
the supply of TRU is reduced, the amount of TRU
transmutation and the burnup contribution due to TRU
become smaller, thereby worsening the transmutation ratio
(Fig. 10). The transmutation ratio of Pu, which has a high
contribution to fission, worsens greatly while the
transmutation ratio of MA also slightly worsens. Because the
amount of RE coming from PWR decreases greatly, even if
the RE recovery factor is reduced in the pyroprocessing oflived fission product (unit: kW/m3).
99.999% 99.9999% Natural uranium
6,471.5 6,471.6 0.0019
67 0.0027 0.0003 0.0019
84 0.0018 0.0002 0.0019
41 0.0014 0.0001 0.0019
07 0.0011 0.0001 0.0019
88 0.0009 0.0001 0.0019
80 0.0008 0.0001 0.0019
Fig. 9 e Sodium void reactivity of different recovery factors
for rare earth (RE) isotopes in one equilibrium cycle.
Fig. 10 e TRU transmutation ratio of different recovery
factors for rare earth (RE) isotopes. TRU, transuranic
isotope; MA, minor actinide.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 7e5 8 57SFR SF, the discarded amount of RE decreases. Thus, the TRU
content ratio within the waste increases, thereby increasing
specific activity. The TRU content ratio in the loaded fuel
becomes <30 wt.% if the RE recovery factor reaches 45%,
meeting the design criteria. As the RE recovery factor
becomes smaller, the TRU and RE content in the driver fuel
decreases, thereby reducing the sodium void reactivity,
reaching the 7$ level at the EOEC if the recovery factor is
reduced to about 23%. To prevent prompt criticality while
having a sufficient shutdown margin, the maximum
recovery factor of RE is 23%. Currently, the study of SFR
combined with pyroprocessing is focusing on the reduction
of the RE recovery factor as much as possible. It is correct to
decrease the recovery factor as much as possible to
maximize safety. By contrast, as the recovery factor
increases, other benefits can be found, such as increased
transmutation performance or reduced processing cost.
Thus, in pyroprocessing, 23% is deemed to be feasible as a
maximum for the RE recovery factor.Table 12 e Performance parameters of different recovery facto
Parameter
55 (1.8:1) 45 (2.2:1)
Excess reactivity (pcm) 5,348 4,795
Amount of TRU transmutation (kg) 342.49 293.57
TRU support ratio 2.003 1.717
TRU transmutation ratio (%) 25.96 24.07
Pu transmutation ratio (%) 26.50 24.22
MA transmutation ratio (%) 23.41 23.31
Amount of U external feed (kg) 187.20 235.82
Amount of TRU external feed (kg) 344.30 295.22
Amount of RE external feed (kg) 226.70 159.04
TRU/waste (%) 0.1285 0.1342
TRU content in charged fuel (%) 32.00 29.59
Sodium void reactivity BOEC/EOEC ($) 7.9/8.9
MA, minor actinide; TRU, transuranic isotope.5. Conclusion
In this study, the range of achievable scenarios was deter-
mined based on four potential recycling parameters: recycling
CANDU SF, cooling time of PWR SF, TRU recovery factor, and
RE recovery factor in pyroprocessing. The results are appli-
cable only for a 600-MWe SFR in equilibrium cycle with
pyroprocessing. The scenarios were evaluated based on only
the core calculation that does not consider thermalehydraulic
design, chemical reactions between materials, etc.
As the recycling of CANDU SF does not have any safety
problems, the CANDU-Pyro-SFR system will be possible if the
capacity of pyroprocessing is large enough. The core perfor-
mance and safety in the transient cycle from PWR-Pyro-SFR to
the CANDU-Pyro-SFR equilibrium cycle need to be evaluated
later.
The longer cooling time of PWR SF is able to increase the
safety of SFR and transmutation of MA. Therefore, the longest
cooled SF should be pyroprocessed and recycled to SFR.rs for rare earth isotopes.
RE recovery factor %, (TRU:RE)
35 (2.9:1) 25 (4:1) 15 (6.7:1) 5 (20:1)
4,432 4,195 4,013 3,891
263.08 242.59 227.78 216.80
1.538 1.419 1.332 1.268
22.71 21.71 20.93 20.32
22.62 21.46 20.58 19.90
23.2 23.08 22.98 22.88
266.11 286.46 301.18 312.08
264.64 244.10 229.24 218.24
110.89 73.06 41.17 13.06
0.1401 0.1459 0.1512 0.1559
28.10 27.11 26.40 25.87
7.0/7.8 6.3/7.1 5.8/6.5 5.4/6.1
Table 13 e Results summary of each scenario.
Scenario No. Results summary
1  Excess reactivity is 420 pcm bigger than the reference scenario. However, there is no problem about safety.
 TRU transmutation performance is almost the same as that of the reference scenario.
 Pyroprocess capacity should be larger than 49 tHM for 1 cycle length of SFR on a single CANDU-Pyro-SFR
connection system.
2  Excess reactivity decreases and MA transmutation ratio is better when the cooling time of PWR SF is longer.
 This phenomenon is caused by changing the amount of Pu-241. However, the nuclide has a half-life of 14.35 y;
the performance can hardly get better in more than about 50 y cooling time.
3  Pyroprocessing has to be able to separate LLFP from the waste.
 In this state, if the TRU recovery factor is 99% and waste cooling time is 500 y, the waste will be LILW. In the
reference case of 99.9%, 300 y of waste cooling time is sufficient to reach the LILW. In addition, the 99.999%
heat-generation rate of the waste is lower than uranium ore's level after 500 y.
4  Because the RE recovery factor is smaller, safety is increased.
 If this factor reduces to about 20%, safety is sufficient. In this value, TRU transmutation performance is better
and pyroprocessing can be more economical than the reference.
CANDU, Canada deuterium uranium; LILW, low- and intermediate-level waste; LLFP, long-lived fission product; MA, minor
actinide; PWR, pressurized water reactor; RE, rare earth isotopes; SF, spent fuel; SFR, sodium-cooled fast reactor; TRU, transuranic isotope.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 7e5 858Waste that is not recovered in pyroprocess is classified as
LILW and it can be disposed of in an underground site due to
its very low-heat-generation rate when thewaste cooling time
becomes >300 years at a TRU recovery factor of 99.9%; how-
ever, the pyroprocess has to be able to separate LLFPs from the
waste.
Lastly, the RE recovery factor has to be reduced to only
20% to satisfy safety, efficiency, and economic feasibility
(Table 13).Conflicts of interest
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